We herein develop a new simple model for giant planet formation, which predicts the final mass of a giant planet born in a given disk, by adding the disk mass loss due to photoevaporation and a new type II migration formula to our previous model. The proposed model provides some interesting results. First, it gives universal evolution tracks in the diagram of planetary mass and orbital radius, which clarifies how giant planets migrate at growth. Giant planets with a few Jupiter masses or less suffer only a slight radial migration. Second, the final mass of giant planets is approximately given as a function of only three parameters: the initial disk mass at the starting time of accretion onto the planet, the mass loss rate due to photoevaporation, and the starting time. On the other hand, the final planet mass is almost independent of the disk radius, viscosity, and initial orbital radius. The obtained final planet mass is 10% of the initial disk mass. Third, the proposed model successfully explains properties in the mass distribution of giant exoplanets with the mass distribution of observed protoplanetary disks for a reasonable range of the mass loss rate due to photoevaporation.
INTRODUCTION
One of the main goals of the planet formation theory is to explain the statistics of thousands of exoplanets using the statistical properties of observed protoplanetary disks (e.g., Andrews et al. 2010 ) in a consistent manner. In the present paper, we focus on the explanation of the masses of giant exoplanets.
The formation of giant planets is governed by the gas accretion rate onto the planets and the radial migration speed. Tanigawa and Tanaka (2016, hereinafter Paper 2) constructed an empirical formula for the gas accretion rate onto a planet. This formula reproduces very well the results of hydro-dynamical simulations by D 'Angelo et al. (2003) and Machida et al. (2010) . The present paper also uses this formula.
The type II migration of giant planets has been problematic in previous studies on giant planet formation (e.g., Ida & Lin 2004; Mordasini et al. 2009; Hasegawa & Ida 2013; Ida et al. 2018) . Duffell et al. (2014) found a further faster type II migration in their hydro-dynamical simulations. Their obtained migration speed is higher than the original model (e.g., Lin et al. 1996 ) by a factor of 3. Their results were confirmed by Dürmann & Kley (2015) . In Paper 2, however, we found that the reduction in the disk surface density due to gas accretion onto the planet slows down the type II migration sufficiently. Moreover, Kanagawa et al. (2018) recently proposed a new model for type II migration. Their model also reproduces very well the results obtained from the previous hydro-dynamical simulations of type II migration (Duffell et al. 2014; Dürmann & Kley 2015) and from the simulations by Kanagawa et al. The present paper uses their new formula for type II migration to revise our model.
In Paper 2, we also suggested that the final mass of a giant planet should be much more massive in the MMSN disk than the Jupiter mass. However, we did not take into account the disk mass loss due to the photoevaporation directly. Such a dissipation effect of photoevaporation is required in order to explain the disk lifetime and the rareness of the transitional disks (e.g., Clarke et al. 2001; Alexander et al. 2014 ). The present paper considers the disk mass loss due to photoevaporation, which would reduce the final planet mass for a given disk.
Previous studies on the population synthesis of giant planets have already examined the origin of statistics of exoplanets in detail (e.g., Benz et al. 2004 and papers therein; Ida et al. 2018) . In order to examine the distributions of the final masses and orbital radii of planets, they performed Monte Carlo simulations with probability distribution functions of various disk parameters. However, it is not clear yet what mass and orbital radius a planet will finally have in a given disk, because of uncertainties in disk models, the viscosity parameter, and models of planetary growth and migration. Moreover, the dependence of the final planet mass on the disk parameters (e.g., disk mass, radius, viscosity, and mass loss rate due to photoevaporation) is unclear. In addition, accurate empirical formulae for planetary growth rate and migration speed mentioned above were not used properly in their population synthesis calculations.
In the present paper, we revise our simple model for giant planet formation by including a new type II migration formula and the disk mass loss due to photoevaporation. We show that our new model can clearly predict the final mass of giant planets for a given disk, despite of many unfixed parameters in current disk models.
In Section 2, we briefly describe formulae of accretion rate and migration speed that have already been tested through hydro-dynamical simulations. These formulae directly give universal evolution tracks in the diagram of planetary mass and orbital radius, although the prediction of the final planet mass also requires the disk model. In Section 3, we present a very simple disk model that includes the disk mass loss due to photoevaporation. Using this simple disk model, we derive a direct expression for the planetary growth rate. In Section 4, we examine the time evolution and the final mass of giant planets for a reasonable parameter range. Our results for the final planet mass will also be applied to the origin of exoplanets. In Section 5, we summarize our results.
MODELS OF GROWTH AND MIGRATION FOR
GIANT PLANETS
Assumptions
For giant planet formation, we adopt the coreaccretion model. We focus on the stage in which the solid core of a planet is more massive than the critical core mass (Mizuno 1980 , Ikoma et al. 2000 . Then, the planet grows primarily via runaway accretion of the disk gas. In the proposed model, as an initial condition, we assume that such a massive solid core exists in the disk. For simplicity, we examine the growth and migration of a single giant planet in the gaseous disk and neglect the effect of other planets.
Growth Rate and Migration Rate of a Planet
We adopt the rate of gas accretion onto a planet modeled by Paper 2. The growth rate of the planet via the runaway gas accretion (or the accretion rate to the planet), dM p /dt, is given by
The coefficient D is empirically obtained as (Tanigawa & Watanabe 2002 )
where M * and r p are the mass of the central star and the orbital radius of the planet, respectively. The subscript p of the scale height h and the Keplerian angular velocity Ω indicates values at r = r p . The surface density in the planetary gap, Σ gap , is also given by an empirical formula (e.g., Duffell & MacFadyen 2013; Kanagawa et al. 2015a Kanagawa et al. , 2015b )
where the non-dimensional parameter K is given by
Moreover, Σ out is the surface density just outside of the gap, and α is the viscosity parameter of the disk (Shakura & Sunyaev 1973) . Note that Equation (3) derived from hydro-dynamical simulations gives a much shallower gap than the previous one-dimensional analytic models (e.g., Lubow & D'Angelo 2006; Tanigawa & Ikoma (Paper 1) ). Owing to the shallow gap, the gas accretion onto the giant planet does not terminate even after the gap is formed. The gas accretion rate of Equation (1) reproduces very well the results of hydrodynamical simulations by D'Angelo et al. (2003) and Machida et al. (2010) for planets heavier than 10 earth masses, as shown in Figure 1 of Paper 2 2 .
1 According to Kanagawa et al. (2018) , we use the prefactor 0.04 for K, rather than 0.034 as was used in Paper 2.
2 Ginzburg & Chiang (2019) pointed out that the simulation results are well described by the three-dimensional Bondi accretion rate, rather than Equation (1), for planets less massive than 10 earth masses. However, we are interested in planets that have masses greater than the critical core mass (∼10 earth masses) in studies on giant planets growing via runaway gas accretion.
With the torque on a planet, Γ, the radial migration speed of the planet is generally expressed as Kanagawa et al. (2018) found that by using the gap surface density Σ gap , the torque on a planet embedded in the disk gap (i.e., the torque of type II planetary migration) is given by an expression similar to that for the type I torque (e.g., Tanaka et al. 2002) :
From Equations (5) and (6), the migration speed of a planet is given by
The migration speed for type II migration also reproduces very well the results obtained from the previous hydro-dynamical simulations of type II migration (Durmann & Kley 2014 , Duffell et al. 2014 and from the simulations by Kanagawa et al. Type II migration was previously thought to be caused by the interaction with gap edges (i.e., outside of the gap) (e.g., Lin & Papaloizou 1986 , 1993 Armitage 2007) . On the other hand, the new more accurate formula by Kanagawa et al. indicates that the planet mainly interacts with the gas inside the gap. For a less massive planet forming no gap, Kanagawa's formula is reduced to that of type I migration. In the present paper, we use this new formula for the type II planetary migration speed, although Paper 2 basically adopted the previous type II migration model.
Universal Evolution Tracks in the Mass-Orbit Diagram
In our model, the growth rate and the migration speed are both proportional to Σ gap . The time evolution of the planet mass and orbital radius depends on Σ gap (t) or the disk model described in the next section. Here, we consider planetary evolution tracks in the diagram of mass and orbital radius. Interestingly, the evolution tracks are independent of the model of the protoplanetary disk, as shown below.
Dividing Equation (1) by (7) and using (2), we obtain a simple differential equation for the evolution tracks:
where the critical mass M crit is given by This simple form of Equation (8) is available because dM p /dt and d ln r p /dt are both proportional to (h p /r p ) −2 Σ gap . Solving Equation (8), we obtain an analytic expression for the universal evolution tracks in the diagram of planetary mass and orbital radius as
where M 0 and r 0 are the initial mass and initial orbital radius of the planet, respectively. We recall that the obtained evolution tracks are completely independent of the disk model. Our evolution tracks are independent of the disk gap model of Equation (3), too. Figure 1 shows the universal evolution tracks of Equation (10) in the diagram of planet mass and orbital radius. In Figure 1 , we also plot the data of exoplanets observed by the radial-velocity method. Planets less massive than M crit (≃10M J for a solar-mass star) do not suffer much radial migration. The final orbital radius of a planet with M crit is approximately 1/5 of the initial orbital radius. Previous studies reported a problematic rapid type II migration in the giant planet formation, as described in Introduction. However, our model shows that very massive exoplanets exceeding M crit plotted in Figure 1 can also be formed from solid cores initially located within 20 AU. Our model succeeds in fixing the problem of type II migration in giant planet formation 3 . Slight type II migrations for Jupiter-mass planets or less, on the other hand, make the origin of hot Jupiters difficult to explain. As an explanation of hot Jupiters, the model that considers the planet-planet scattering followed by the tidal circularization (e.g., Rasio & Ford 1996; Nagasawa et al. 2008; Winn et al. 2010 ) is more plausible than the model that considers type II migration.
A relatively large number of giant exoplanets are observed in the radial range of from 1 to 3 AU in Figure 1 . These crowded exoplanets can be explained if a large number of massive solid cores are formed from 1.5 AU to 4 AU of protoplanetary disks. Such massive planetary embryos may be naturally formed just outside of the snow line, which is located at 1 to 3 AU.
Note that the disk model affects where and how the planetary growth terminates on an evolution track (i.e., the final mass and location of the planet). We will discuss these items, using a simple disk model described in the next section.
DISK MODEL

Self-similar Solution of Accretion Disks
Our simple disk model is based on the self-similar solution of accretion disks with the viscosity ν being proportional to r γ (Lynden-Bell & Pringle 1974; Hartmann et al. 1998) . In this model, we also include the effects of photoevaporation of disk gas and gas accretion onto a planet. We assume that the orbital radius of the planet r p and the radial location r g , where the photoevaporation primarily occurs, are much smaller than the disk radius. Then, the planet and the photoevaporation would have only minor effects on the evolution of the outer part of the disk, which contains most of the (total) disk mass.
At an outer part of the disk, the surface density is then simply given by the self-similar solution:
where ν = ν 0 r γ and the characteristic disk radius R d is given by
3 The evolution tracks derived by Ida et al. (2018) depend on the viscosity parameter. By introducing two kinds of viscosity parameters, they managed to avoid rapid type II planetary migration, although they also adopted the gas accretion rate of Paper 2 and the migration formula by Kanagawa et al. (2018) . In Section 3.4, we will explain the difference in migration prescription between Ida et al. and the present paper.
The disk mass M d decreased as follows:
At the intermediate disk region in which r p , r g ≪ r ≪ R d , the surface density and the disk accretion rateṀ d are approximately given by
and we obtain the well-known relation between them as
We assume the disk temperature as 280(r/1au) −1/2 K (Hayashi et al. 1985) . Then, the disk aspect ratio (i.e., the ratio of the scale height to the radius) is given by
Using the parameter α, the disk viscosity is also expressed as
In the next section, we adopt γ = 1 in the nominal case, assuming a constant α.
Effect of Photoevaporation
In our model, we regard the mass loss rate due to the photoevaporationṀ w as a parameter. We assume that the mass loss due to photoevaporation occurs primarily outside the planet orbit. Even for the case in which the photoevaporation inside the planet orbit is not negligible, the following treatment for photoevaporation would also be valid by consideringṀ w as the mass loss rate only outside of the planet orbit.
If no mass loss due to photoevaporation exists, then the mass supply rate to the planet-forming inner region, M sup , is equal to the disk accretion rate,Ṁ d . When the photoevaporation is effective, the mass supply rate to the inner region is given bẏ
Then, the disk surface density in the planet-forming inner region is given by
The disk accretion rate decreases gradually. The time at which planet growth stops, t end , is determined by the equationṀ sup = 0, i.e.,
Using Equation (14), we can rewrite Equation (20) as
We regard t 0 as the starting time of the runaway gas accretion onto the planet, and M d (t 0 ) is the disk mass at the starting time. When M d (t 0 ) < (4 − 2γ)t 0Ṁw , Equation (21) gives t end < t 0 . This means that runaway gas accretion onto the planet cannot occur because of dissipation of the inner disk before t 0 due to strong photoevaporation. By integrating Equation (18) from t 0 to t end , we can also obtain the total gaseous mass, M sup , supplied to the planet-forming region from t 0 up to t end as
Effects of Gas Accretion onto the Planet
Lubow & D'Angelo (2006) gave the analytic expression of the surface density reduced by the gas accretion onto a planet as 4 :
In the above, we used the notation, Σ out , which is the surface density just outside the planetary gap. This is because the effect of the planetary gap is not included in Equation (23). This expression is not valid when the photoevaporation is effective. However, we can readily include the effect of photoevaporation in Equation (23), by simply replacingṀ d withṀ sup :
This is the expression of Σ out including both the effects of photoevaporation and gas accretion onto the planet.
In Figure 2 , we summarize our simple disk model.
Direct Expression for the Planetary Growth Rate
The growth rate,Ṁ p , included in Equation (24) depends on Σ gap (or Σ out ), as shown in Equation (1). By 4 The derivation of this analytic expression is shown in Appendix B of Paper 2. Paper 2 also gives the radial surface density distribution.
PhotoevaporaƟon
Figure 2. Schematic diagram of the proposed simple disk model. Because of photoevaporation with mass loss rateṀw, the mass supply rate to the planet-forming region is reduced toṀ d −Ṁw. The disk accretion rate at the innermost disk is further reduced toṀ d −Ṁw −Ṁp due to gas accretion onto the planet. From these disk accretion rates, the surface density distribution of this viscous accretion disk is obtained in the proposed disk model.
solving the coupled equations (1), (3), and (24), we obtain
where D ′ is given by
and D and K both depend on M p and r p , as shown in Equations (2) and (4). The first and second factors in the RHS of Equation (25) represent the reduction factors of the surface density due to the planetary gap and due to the gas accretion onto the planet, respectively. Both reduction factors slow the type II migration as well as the gas accretion onto the planet 5 . Equation (26) gives 5 The type II migration formula used in Ida et al. (2018) does not include the surface density reduction due to the gas accretion onto the planet, whereas they included this reduction effect for the gas accretion rate, as was the case for Equation (26 a direct expression for the planetary growth rate. Note that the disk accretion rateṀ d is given by Equation (14) and that the orbital radius r p is dependent on M p , as show in Equation (10).
Estimating the non-dimensional ratio D ′ /(3πν) is valuable.
We consider a deep-gap case in which 0.04K ≫ 1. From Equation (4), this corresponds to the case of relatively massive planets having masses that satisfy
The ratio is then estimated as
For a planet much less massive than 7M J (at 5 AU around a solar-mass star), D ′ /(3πν) ≫ 1, and Equation (26) givesṀ p =Ṁ sup . That is, the gas supplied to the planet-forming region almost perfectly accretes onto the planet. For a planet more massive than 7M J , on the other hand, the first factor in the RHS of Equation (26) becomes small. Then, only a minor portion accretes onto the planet, and most of the gas flows into the innermost disk.
Moreover, note that D ′ /(3πν) is independent of the viscosity parameter α when 0.04K ≫ 1. Then, from Equations (26) and (8), we find that the time evolution rates dM p /dt and dr p /dt are also independent of α. Although there still exists a large uncertainty in the value of α, we can discuss the growth and migration of a giant planet embedded in a protoplanetary disk independently of α using the proposed model 6 .
4. RESULTS
Final Planet Masses in Various Disks
Under our simple disk model described in last section, we can calculate the time evolution of the planet mass, by integrating Equation (26) with Equations (2), (4), (10), (13), (16), (17), and (27). These equations have six parameters, i.e., the viscosity parameter α, the mass loss rate due to photoevaporationṀ w , the starting time of the runaway gas accretion onto the planet t 0 , the initial disk mass M d (t 0 ), the initial planet mass M 0 , and the initial orbital radius r 0 of the planet 7 . As nominal values, we set α = 10 −3 , M 0 = 6 × 10 −5 M * (= 20 earth masses), r 0 = 5 au, and t 0 = 2 × 10 6 yr. In our model, however, the final masses of giant planets depend on α, M 0 , and r 0 only weakly, as will be shown in Figure 4 . In the calculation of the final planet mass, t 0 andṀ w are included only in the form of the product t 0Ṁw (e.g., Equation (21)) if we use the normalized time t/t 0 . Thus, we can consider this product as a single parameter. In the nominal case, we also set γ = 1, assuming a constant α (Section 3.2). The disk observations also suggest γ ≃ 1 (e.g., Andrews et al. 2010 ). The cases with γ = 1 will be shown in Figure 8 . Figure 3 shows the time evolution of the planet mass via the gas accretion for various initial disk masses M d (t 0 ) in the case ofṀ w = 10 −9 M * /yr. The gas accretion onto the planet terminates due to the photoevaporation at t end . Filled circles represent the final planet mass at t end . The final planet mass increases with the initial disk mass. A Jupiter-mass planet is produced in a disk with M d (t 0 ) = 0.01M ⊙ for M * = M ⊙ anḋ M w = 10 −9 M ⊙ /yr. In Figure 4 , we check for the dependence of the time evolution on the parameters α, M 0 , and r 0 . As predicted in Section 3.4, we find that the dependence on the viscosity parameter α is slight, especially for M p > 3×10 −4 M * . The dependence on the initial planet mass M 0 is also very weak when M p ≫ M 0 . The time evolution and the final value of the planet mass is weakly dependent on r 0 for M p 10 −2 M * . This is because the ratio D ′ /3πν is proportional to r 1/4
p . Hence, we can say that the dependence of the final planet mass on these parameters is weak. As a result of the independence of α, the final planet mass is also approximately independent of the initial disk radius, R d (t 0 ), because R d (t 0 ) depends on α (see Equations (12) and (17)). Figure 5 shows the final planet mass as a function of the initial disk mass M d (t 0 ) in the case ofṀ w = 10 −9 M * /yr. If all of the gas supplied from the outer disk perfectly accretes onto the planet, the final planet mass is M sup + M 0 , where M sup is given by Equation (22) 8 . This approximate final planet mass is also plotted. Both lines agree well with each other for M p 10 −3 M * because the assumption of perfect accretion onto the planet is valid for such less massive planets (see Section 3.4). For M p 10 −2 M * , this assumption is invalid, and the inflow to the innermost disk is not negligible. Note that, for a much less massive disk with
−3 M * in this case), the planet cannot grow through gas accretion because of early dissipation of the inner disk due to photoevaporation. Then, such a less massive disk produces no giant planet. At M d (t 0 ) = 0.01M * , the final planet mass (or the supplied mass) is only approximately 10% of M d (t 0 ). In this case, the disk mass at t end is approximately 70% of M d (t 0 ) and 20% of M d (t 0 ) is dissipated by the photoevaporation. Figure 6 shows the dependence of the final planet mass on the initial disk mass but for various mass loss rateṡ M w . From this result, we are able to determine how massive a disk is required at t 0 for each final planet mass. The required disk mass increases with the mass loss rateṀ w for a given final planet mass. In these mass loss rates, the final planet mass is always less than or equal to 20% of M d (t 0 ). For Jupiter-mass planets (M p ≃ 10 −3 M * ), the ratios M p,f /M d (t 0 ) are only 10, 5, and 2%, withṀ w = 10 −9 , 3 × 10 −9 , and 10 −8 M * /yr, respectively. In Paper 2, we expected that the final 0.01 0.1 0.001 gested a much less massive disk than the MMSN disk for the formation of Jupiter, our new model requires the mass (or the surface density) of the MMSN disk for Jupiter because of mass loss due to photoevaporation. Even for massive disks with
, does not increases much because of the imperfect accretion onto massive planets, as shown in Figure 5 . Thus, M p,f /M d (t 0 ) is always kept small by the mass loss due to photoevaporation and imperfect accretion onto the planet. Figure 7 shows the disk dissipation time, t end , for the planet-forming region due to photoevaporation. The disk dissipation time is shortened for a higher mass loss rateṀ w . For a much lower mass loss rate than 10 −9 M * /yr, the disk lifetime is too long (t end ≫ 2 × 10 7 yr). Such a weak photoevaporation with a rate of ≤ 3 × 10 −10 M * /yr would be inconsistent with the observed disk lifetime. Moreover, too strong photoevaporation with a rate of ≥ 3 × 10 −8 M * /yr would be inconsistent. Such strong photoevaporation would dissipate the disk before the planetary cores grow to the critical core mass. Thus, we can say that the mass loss rates in Figure 6 cover the entire reasonable range. This reasonable range ofṀ w = 10 −9 -10 −8 M * /yr is consistent with previous estimations (e.g., Armitage et al. 2003; Mordasini et al. 2009 ).
Although, thus far, we have assumed γ = 1 (i.e. ν ∝ r), we also examine the γ-dependence of the final planet mass. The index γ also determines the radial surface density distribution as Σ ∝ r −γ . In Figure 8 , we also plot the final planet masses for γ = 0 (i.e., for a flat surface density distribution) as an extreme case. The flat surface density case produces planets with relatively low masses as compared with the case of γ = 1. This is because the disk dissipation is earlier in γ = 0, as shown in Equation (21). Since the case of γ = 0 would be extreme, the γ-dependence of the final planet mass would not be so significant.
Which Disks Produce Giant Exoplanets?
With our planet formation model, we can connect the data of giant exoplanets to observed disk masses. In Figure 6 , we also plot two reference planet masses, the upper limit mass (0.018M * ) and most frequent mass (≃ 0.002M * ) of giant exoplanets. These masses are obtained from data of exoplanets observed by the radialvelocity methods (in Figure 1) .
The required disk mass for the upper limit of exoplanets is 0.1-0.2 M * for the reasonable mass loss rates oḟ M w = 10 −9 -10 −8 M * / yr. The mass of the most massive observed disk is also ≃ 0.1M * . Thus, our model succeeds in reproducing the most massive exoplanets within the observed disk masses and the reasonable disk mass loss rates. It is also expected that exoplanets with the most frequent mass might be produced in disks with the most frequent disk mass, which is ∼ 0.03M * for a relatively old star-forming region of ∼ 10 6 yr (Andrews et al. 2010) . This indicates that the disk mass loss rate of a few 10 −9 M * /yr is plausible for reproducing the most frequent exoplanets in Figure 6 .
We also estimate the masses of the disks forming each exoplanet in Figure 1 for a given mass loss rateṀ w , using our simple model. As for data of exoplanets, we use the planet mass M p , the orbital radius (semi-major axis) r p , and the mass of the central star M * obtained from the radial velocity survey data in http://exoplanets.org. We set M 0 , α, and γ to be nominal values. As shown in Figure 4 , these parameters do not greatly affect the estimation of disk mass. Planets less massive than M 0 are excluded from our estimations. We consider exoplanets with r p > 0.1 AU only. Disk mass estimation is performed for three mass loss rates ofṀ w = 3 × 10 −10 , 3 × 10 −9 , and 3 × 10 −8 M ⊙ /yr. The starting time of runaway gas accretion onto planets, t 0 , is set to be 2 × 10 6 yr. Figure 9 shows the distributions of the estimated masses of the disks forming each exoplanet. The disk mass is normalized by the mass of the central star. For comparison, we also plot the mass distribution of disks observed in the Ophiuchus star-forming region obtained by Andrews et al. (2010) . Note that the disk masses M /yr Figure 9 . Mass distributions of model disks forming exoplanets observed by the radial velocity survey. The disk masses at t0 are estimated using our simple model forṀw = 3 × 10 −10 (blue), 3 × 10 −9 (green), and 3 × 10 −8 M⊙/yr (red). For other parameter settings, see the text. The disk mass is normalized by the mass of the central star. For comparison, we also plot the mass distribution of disks observed in the Ophiuchus star-forming region (gray) given by Andrews et al. (2010) .
are normalized by the masses of each central star. The distribution obtained forṀ w = 3 × 10 −9 M ⊙ /yr has almost the same peak as the observed disks. In this case, the maximum disk masses in our model (0.13M * ) and the observation (0.24M * ) are also close to each other. These results are consistent with Figure 6 . The obtained distribution has no disks with M d < 0.9 × 10 −3 M * foṙ M w = 3 × 10 −9 M ⊙ /yr. This is because giant planets are not formed in less massive disks with M d (t 0 ) < 2t 0Ṁw (= 0.012M ⊙ in this case) due to early disk dissipation (see Section 3.3). Only planets of Neptune size or less are formed in such disks.
ForṀ w = 3 × 10 −8 M ⊙ /yr, 90% of disks have masses greater than 0.1M * . Some are estimated as M d > 0.5M * . Thus it is difficult to explain the origin of giant exoplanets with the observed disks under the relatively high mass loss rate of 3 × 10 −8 M ⊙ /yr. For a low mass loss rate of 3 × 10 −8 M ⊙ /yr, on the other hand, the obtained mass distribution has a peak at 5 × 10 −3 M * , which is inconsistent with the observed disks. This low mass loss rate also causes a very long disk lifetime of 3 × 10 7 yr for massive disks with 0.07M * . In addition, from Figure 9 , therefore, we can conclude that the mass loss rate of 3 × 10 −9 M ⊙ /yr is plausible to explain giant exoplanets with realistic disks in our simple model.
SUMMARY AND DISCUSSION
We developed a new model for giant planet formation by including the effect of photoevaporation and a new model for type II planetary migration proposed by Kanagawa et al. (2018) . As an effect of photoevaporation, we included disk mass loss with a constant rate outside of the planet orbit. This mass loss dissipates the disk gas at the planet-forming region and terminates planet growth. Our model can predict the final mass of a giant planet produced in a given disk. Our results are summarized as follows.
1. Our simple model gives analytical and universal evolution tracks of growing planets in the massorbit diagram (Equation (10) and Figure 1 ), which are completely independent of disk properties (i.e., the mass, radius, temperature, or viscosity). Planets with a few Jupiter masses or less suffer only a slight radial migration. Even the massive exoplanet with ∼ 20M J at 3 AU is formed from solid cores initially located within 20 AU. Giant exoplanets crowded around 2 AU can be explained if a large number of massive solid cores are formed from 1.5 AU to 4 AU of protoplanetary disks. Such massive planetary embryos may be formed just outside of the snow line, which is located at 1 to 3 AU.
2. We examined the time evolution and the final mass of a planet, using a simple disk model including the effects of photoevaporation and gas accretion onto the planet. The final planet mass depends primarily on two parameters only ( Figure 6 ). One is the product of the starting time of accretion onto the planet, t 0 , and the mass loss rate due to photoevaporation, and the other is the initial disk mass at t 0 . The final planet mass depends only slightly on the initial disk radius, the viscosity, the initial planet mass, and the initial orbital radius (Figure 4 ). The mass loss rate due to photoevaporation is a parameter, but is constrained in the range of 10 −9 -10 −8 M * /yr by the lifetime of the observed disks (Figure 7 ).
3. Giant planets grow through the accretion of the disk gas supplied from the outer disk. Planets of Jupiter-mass or less can capture the supplied disk gas almost perfectly. The final masses of such small planets are given by the total supplied mass M sup of Equation (22). For massive planets with several Jupiter masses or larger, a major part of the gas passes by the planet and flows into the innermost disk ( Figure 5 ).
4. The ratio of the final planet mass to the initial disk mass at t 0 is always 0.1, because of photoevaporation and imperfect accretion onto the planet (Figure 6 ).
5. With our formation model, we can connect the data of giant exoplanets to the observed disk masses. The most massive exoplanet (≃ 20M J ) is born in the most massive T Tauri disk with M d ∼ 0.1M * for the reasonable range of mass loss rate due to photoevaporation. Our model also succeeds in explaining the most frequent mass of giant exoplanets (∼ 2M J ) with the most common disk mass with ∼ 0.02M * for a disk mass loss rate of 3 × 10 −9 M ⊙ /yr (Figures 6 and 9 ).
In our simple model, we focused on the formation of a single giant planet in each protoplanetary disk and did not consider any interaction between multiple planets. Interactions between multiple planets, however, can be important to explain observed giant exoplanets. Due to their gravitational interactions, multiple gas giant systems can be orbitally unstable. The orbital instability of such multiple systems often produces giant planets in eccentric orbits and ejects some planets from the system at the same time (jumping Jupiters model; e.g., Rasio & Ford 1996; Weidenschilling & Marzari 1996; Lin & Ida 1997) . Planet-planet scattering followed by tidal circularization can form hot Jupiters with small orbital radii (e.g., Rasio & Ford 1996; Nagasawa et al. 2008; Winn et al. 2010 ). Since our universal evolution tracks indicate insufficient type II migration for planets of Jupiter-mass or less (Figure 1) , the scenario of planet-planet scattering would be plausible for hot Jupiters.
Indirect interaction through gas accretion onto planets would also be important. We consider multiple giant planets growing by gas accretion. If the outermost giant planet has a Jupiter mass or less, the gas accretion onto the planet is almost perfect (Figure 5 ) and the mass supply to other inner planets is significantly reduced. Thus, only the outermost giant planet can grow with gas accretion in this system. When the outermost giant planet has grown to several Jupiter masses or larger, however, its gas accretion becomes imperfect and the inner planets can also grow. Jupiter and Saturn are also expected to have been influenced by such an indirect interaction in their growth stages. Once Saturn starts runaway gas accretion, Jupiter, which is located inside Saturn's orbit, cannot grow further due to Saturn's per-fect accretion. Thus, Saturn's gas accretion should start just after Jupiter had grown to its present mass with its gas accretion. Such a formation scenario for Jupiter and Saturn is suggested by our simple model. Both direct and indirect interactions should be included in future formation models for multiple systems of giant planets.
The empirical formula of the gas accretion rate onto a planet used in our model might need to be improved. Our empirical formula of the mass accretion rate has been confirmed by the hydrodynamic simulations by D'Angelo et al. (2003) and Machida et al. (2010) , but only for Jupiter-mass planets or smaller. Only a few hydrodynamic simulations have been performed for gas accretion onto a giant planet much heavier than Jupiter. Kley & Dirksen (2006) showed through their hydrodynamical simulations that massive giant planets with masses ≥ 3M J strongly excite an eccentric motion of gas at the edge of the planetary gap. Owing to the eccentric motion, the gas accretion rate onto the planet is greatly enhanced in their simulations with the planet masses ≥ 5M J . On the other hand, Bodenheimer et al. (2013) obtained much lower gas accretion rates than in our formula in their hydrodynamical simulations with ≥ 3M J . Further extensive hydrodynamical simulations on gas accretion onto high-mass giant planets should be performed in order to fix the accretion rate accurately.
